We describe a system for gene expression in plants based on the regulation mechanism of the yeast metallothionein (MT) gene. The system consists of two elements: (i) the yeast acel (activating gopper-MT expression) gene encoding a transcription factor under control of the cauliflower mosaic virus (CaMV) 35S RNA promoter, and (ii) a gene of interest under control of a chimeric promoter consisting of the 90-base-pair domain A of the CaMV 35S RNA promoter linked to the ACE1 transcription factor-binding site. At elevated copper ion concentrations, the ACE1 protein changes conformation, binds to, and activates transcription from the chimeric promoter. To test the functioning of the system in plants, a construct containing the 3-glucuronidase (GUS) reporter gene under control of the chimeric promoter was prepared, and transgenic tobacco plants were produced. It was shown that GUS activity in the leaves of transgenic plants increased up to 50-fold, either after addition of 50 ,M CuS04 to the nutrient solution or after application of 0.5 ,uM CuSO4 to the plants in a foliar spray. This GUS expression was repressed after the removal ofcopper ions. The results show that the activity of the described chimeric promoter directly depends on copper ion concentration and that this system can be used in experiments that demand precise timing of expression.
Selective induction of gene expression is usually achieved by the use of promoters whose transcriptional activity is regulated by the presence or absence of a particular "inducer." To be useful, an inducible promoter needs to (i) give low expression in the absence ofinducer; (ii) give high expression in the presence of inducer; (iii) use an induction scheme that does not interfere with the normal physiology of the plant; and (iv) have no effect on the expression of other genes.
Promoters using environmental cues such as changes in light intensity (1) , heat shock (2), anaerobiosis (3) , and pathogen attack or chemical stimuli (4) have commonly been used to provide a means for conferring inducibility on an introduced gene. Such promoters have the disadvantage that significant changes in whole-plant physiology are often caused by the nature of the environmental signal required for their activation.
In an attempt to design a system for inducible expression that avoids widespread physiological effects on the plant, this work develops a controllable gene-expression system for whole plants based on the yeast copper-metallothionein (MT) regulatory system with copper(II) as the "inducer molecule." The yeast copper-MT system consists of a constitutively expressed ace) (activating copper-MT expression 1) gene, which encodes a metalloresponsive transcription factor targeted to the nucleus that activates yeast MT gene transcription (6, 7) . This activation is mediated only by copper or silver ions, which alter the conformation of the regulatory protein (8) , allowing it to bind to specific upstream sequences in the yeast MT promoter (9, 10) . The copper ion-ACE1 interaction also results in copper(I)-thiolate clusters; copper binds to the ACE1 protein as copper(I), forming copper(I)-cysteine clusters (5) . The yeast copper-MT regulatory system thus represents a simple model in which the effective binding conformation of the regulatory protein to the MT promoter (and hence, activation of the MT gene) can be controlled by the copper ion concentration (11) .
MTs are characteristically low molecular weight, cysteinerich polypeptides that fall into three classes based on the arrangement of their cysteine residues. Animals, yeasts, and other fungi synthesize class I or II MTs, which are encoded in the nuclear genome. Higher plants, on the other hand, produce phytochelatins (class III MTs), which are enzymesynthesized peptides with the structure poly(-glutamylcysteinyl)glycine (12) . Recent evidence suggests that plants contain metal-binding proteins in addition to phytochelatins. Studies of the copper(II)-tolerant flowering plant Mimulus guttatus have revealed that root extracts contain several copper-binding elements, only one of which is a phytochelatin (13) . Interestingly, transcription of the MT-like genes investigated in this work did not appear to be induced by copper(II). In fact, half of the transcripts analyzed were repressed by high copper(II) concentrations. Genes encoding MT I-like proteins have also been isolated from pea (14) , soybean (15) , and maize (16) . The gene from pea has been expressed as a fusion protein in Escherichia coli and shown to bind zinc, cadmium, and copper(II) ions with similar pH-related dissociation properties to the class I equine renal MT. However, the translational product of this gene has not been detected in planta, and the metal-binding properties of the native protein remain to be determined. Therefore, the key questions are (i) whether or not activation of the introduced yeast regulatory copper-MT system by manipulation of copper(II) concentration will be possible in plants against this background of multiple metal-binding systems, and (ii) whether such manipulation of copper(II) levels will have widespread physiological effects in the plant.
The results presented in this paper show that metal regulation of the introduced yeast system is possible under appropriate application conditions, and the widespread physiological effects associated with the use of light-sensitive or wound-inducible promoters or of promoters sensitive to drought stress or changes in anaerobiosis are not apparent.
METHODS
Construction of Recombinant Plasmids. Step 1. Two complementary oligonucleotides were synthesized that contained the ACE1 binding site from the MT gene promoter (8) . These oligonucleotides were constructed so that they contained HindIII and BamHI cohesive ends at the 5' and 3' termini, respectively; the sequences are as follows: 5'-AGCTTAGCAbbreviations: MT, metallothionein; ACE1, _ctivating gopper-MT expression; CaMV, cauliflower mosaic virus; GUS, 3-glucuronidase; npt II, neomycin phosphotransferase II marker DNA. *To whom reprint requests should be addressed.
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GATGCGTCTTTTCCGCTGAACCGTTCCAG-CAAAAAAGACTAG-3' and 5'-GATCCTAGTCTT-TTTTGCTGGAACGGTTCAGCGGAAAAGACGCAT-CGCTA-3'. These oligonucleotides were annealed and cloned into a HindIII/BamHI linearized binary vector pBI 101.1 (17) .
Step 2. The 90-base-pair (bp) domain A of the cauliflower mosaic virus (CaMV) 35S RNA promoter (18) was obtained by EcoRV/Xma I digestion of the plasmid pRT99GUS (19) . This 90-bp fragment was ligated into the plasmid constructed as described in step 1, which had been first digested with BamHI and the ends flushed and then had been digested with Xma I, to yield pBI101.1/VM1.2/mini35S designated "construct 3" in Fig. 1 .
Step 3. DNA was isolated from Saccharomyces cerevisiae and used in a polymerase chain reaction with appropriate primers to obtain the ACE1 coding sequence. The primers used were (i) 5'-CCAAGCTTAACAATGGTCGTAAT-TAACGGG-3' and (ii) 5'-CCGGATCCTTATTGTGAAT-GTGAGTTATG-3'.
These primers were designed so that there were available 5' HindIII and 3' BamHI sites on the amplified product. The Perkin-Elmer PCR kit was used. The PCR was run with a thermal cycler (Ericomp, San Diego) for 40 cycles of 1 min at 94°C, 1 min at 52°C, and 30 sec at 72°C, with a concentration of 1 ,uM for each primer. The ace) gene sequence obtained from this reaction was cloned into HindIII/BamHI-digested pUC119 to yield pUC119/ACE1.6 and then was recloned into a HindIII/Bgl II-digested pGA643 binary vector (20) to yield pGA643/ACE1.6.1.
Step 4. The plasmid pBI101.1/VM1.2/mini 35S from Step 2 was digested with HindITI/EcoRI, and the ends were flushed. The insert obtained was cloned into Xba I-digested and flushed pUC119 to yield the plasmid pUC119/ VM1.2mini35SRI. This was digested with EcoRI and cloned into EcoRI-digested pGA643/ACE1.6.1 to yield the final construct, a pGA643-based binary vector (pGA643/ ACE1.6.1/MT-GUS2, "construct 61") with the transferred DNA containing the npt II-selectable marker, the ace) regulatory gene driven by the CaMV 35S RNA promoter, and a GUS reporter gene under the control of a chimeric promoter consisting of the 90-bp CaMV 35S RNA domain A and the ACE1 binding site from the S. cerevisiae MT promoter ( Fig.  1) .
DNA Sequencing. The nucleotide sequence of the chimeric promoter and of the ace) gene was confirmed by the dideoxy chain-termination method (21) using Sequenase (United States Biochemical) according to the instructions of the manufacturer.
RNA Blot Hybridization (Northern Analysis). Total RNA was isolated (22) from snap-frozen leaves and stored at -70°C. RNA preparations (5 ,ug) were electrophoresed on a 1.5% formaldehyde/agarose gel and transferred to a Zetaprobe (Bio-Rad) membrane, and hybridization was carried out according to the instructions of the manufacturer. GUS and ACE1 probes were 32P-labeled by using the "Ready-to-go" system (Pharmacia).
Tobacco Transformation and Reregeneration. Binary vector constructs were transferred into Agrobacterium tumefaciens LBA 4404 by using a triparental mating protocol (23) . Tobacco leaf disks were transformed by standard protocols (24) and plants were regenerated on solid medium (24) containing kanamycin at 300 ,g/ml. Regenerated plants were tested for npt II activity (25) Plant Growth Conditions and GUS Activity Measurements. Plants were maintained in a controlled environment room with a 12-hr day/night temperature regimen of 24°/21°C and a nominal photon flux density of 600 ,umol m-2-s-1. Reregenerated clones of the transformed tobacco plants were put into copper ion-depleted solution culture (26) and grown for 15 days. Experiments were performed after this acclimatization and growth period. Leaves were harvested, snapfrozen in liquid nitrogen, and stored at -70°C. Samples (100 mg) from at least three separate clonal replicates were hand-homogenized in 4 volumes of extraction buffer (50 mM sodium phosphate, pH 7.0/10 mM 2-mercaptoethanol/10 mM EDTA/0.1% sodium lauryl sarcosate/0.1% Triton X-100) and centrifuged. Triplicate fluorometric GUS assays (27) and protein determinations (28) were performed on the supematants. The variation between clones was <2%. Fig. 1A (data shown here for the 3.1 plant) ; the full construct is that described in Fig. 1B containing the ACE1 regulatory gene as well as the GUS reporter gene under control of the chimeric promoter (data shown here for the 61.1 plant). After the acclimatization and growth period, CuSO4 was added to the nutrient solution of plants (26) to a final concentration of 50 ,uM. After 5 days these plants (bars +) and plants grown in the absence of copper ions (bars -), were harvested, and the leaves were assayed for GUS activity.
copper ions. In the presence of copper ions, these plants showed a GUS activity of 40 units/mg. In contrast the full-construct plants, grown in the presence of 50 ,uM CuSO4 throughout the experiment, showed an increase in leaf GUS specific activity to 1200 units/mg compared with GUS specific activity of 100 units/mg in the leaves of plants grown in the absence of copper ions throughout the experiment. Taking into account the nontransformed plant background, this represented a 15-fold induction of GUS activity in this experiment.
Copper Ion Concentration Dependence of GUS Gene Expression. To test for the optimal concentration of copper ions to include in the plant nutrient solution and to examine the effect of growing plants in the presence of copper ions over an extended time, CuSO4 was added in a range of concentrations (0.05, 0.5, 5, 15, 30, 50, and 500 ,M) to the plant nutrient solution for a 20-day growth period. Data are shown in Fig. 3 for 0.5, 5, and 50 AM CuSO4. After 5 days in the presence of 50 ,uM CuSO4, the plants showed a 35-fold increase in GUS specific activity, increasing slowly over the 20-day time course assayed to a 50-fold increase, although by A day 15 these plants showed some evidence of copper toxicity. The plants grown in the presence of 5 ,M CuSO4 showed a similar induction ofGUS activity. However, the increase was not apparent until day 10 and was not maximal until day 15. These plants began to exhibit some signs of copper toxicity after 20 days. Plants grown with 0.5 ,uM CuSO4 in the nutrient solution showed only a small increase in GUS activity to 200 units/mg by day 10, and this level of GUS activity did not change over the remainder of the time period assayed. These plants exhibited no signs of copper toxicity. Silver and cadmium ions were also tested for their ability to activate GUS expression. A concentration range of 0.05, 0.5, 5, and 50 ,uM was used; plants were harvested, and the leaves were assayed for GUS activity after 5 days of growth in the presence of metal ions. Silver ions at a 5 ,uM concentration activated GUS expression, whereas cadmium ions did not activate GUS expression above the activity measured in the control plants (data not shown).
Time Course of Activation and Repression of GUS Gene Expression. Copper ions in the nutrient solution. The time course of activation and repression of GUS expression in response to the addition and removal of 50 ,uM copper(II) from the nutrient solution was investigated. These data are shown in Fig. 4 . In this experiment, GUS activity before the addition of copper ions was 48 units/mg. A 2-fold increase in GUS specific activity to 100 units/mg was observed after 24 hr, increasing to 1030 units/mg after 4 days. When one takes into account the GUS assay background in nontransformed plants (see Fig. 3 ), this represented a 50-fold induction of GUS activity in this experiment. Removal of copper(II) from the growth solution resulted in a dramatic decrease in GUS activity to 80 units/mg after 4 days.
RNA was extracted from these samples and used in a Northern analysis to determine the level of transcription of both the reporter and the regulatory genes. GUS transcript was visible only in the presence of inducing copper ions, and the relative abundance of this transcript corresponded to the GUS specific activity. The acel transcript was detectable, even in the absence of the inducer (Fig. 5) .
Foliar application of copper ions. In view of the development of copper toxicity symptoms when plants were maintained on GUS-inducing copper ion concentrations for ex- 1B ) were used. After the acclimatization and growth period, duplicate clonal plants were harvested, and the leaves were assayed for GUS activity. The nutrient solution of the remaining 10 plants was adjusted to contain 50 ,uM CuS04, and duplicate plants were harvested after 1, 2, and 4 days, and leaves were assayed for GUS activity. The nutrient solution of the remaining plants was changed to one lacking copper ion; duplicate plants were harvested, and the leaves were assayed for GUS activity after a further 2 and 4 days. (Fig. 1B) were used. Total RNA (5 /g) was loaded and, after transfer to Zetaprobe membrane, was hybridized with a mixed probe consisting of both the GUS and ACE1 coding sequences. The position of the arrows shows the GUS (-2 kb) and ACE1 (-0.8 kb) transcripts. Lanes: 1, before addition of 50 AM CuS04; 2, after 2 days; 3, after 4 days. tended periods, foliar application of copper(II) to plants maintained in a copper ion-depleted nutrient solution was investigated. Two experiments were performed (Fig. 6 ). In the first experiment (Fig. 6A ) plants were sprayed to the drip point daily with 0.5 ,.M CuSO4. After 6 days copper ions were removed from the spray solution, and the leaves thereafter were sprayed daily with deionized water only. In these plants a 50-fold increase in GUS activity was observed by day 5. After removal of copper(II) from the spray, an immediate decrease in GUS activity from 1900 to 900 units/mg was observed, and by day 11 GUS activity had decreased to background levels. In the second experiment (Fig. 6B ), plants were sprayed to the drip point with 0.5 uM CuSO4 on the first day and thereafter received no further treatment. These plants showed a 30-fold increase in GUS specific activity, which was maintained from day 4 to day 12, after which there was a rapid return to background levels of activity. In both of these experiments there was no evidence of copper toxicity in the treated plants. 1B (30) and in whole plants (31) . Addition/ removal of tetracycline gave similar induction/reversibility to that described here for the copper ion-inducible system. However, the inducer, tetracycline, was rapidly inactivated by light and, although useful for transient expression studies, for the system to function continuously required the antibiotic to be added at regular intervals to the plant nutrient. This is in contrast to the results reported here for the copper ion-inducible system, which show that a single foliar application of copper(II) can activate expression for 9 tained on 2 mM ammonium ion as sole nitrogen source before the addition of 20 mM nitrate ion to activate transcription. Maintenance ofplants on ammonium ion is difficult and, even at these low concentrations, acidification of the nutrient solution upon ammonium ion uptake could be problematic.
The system described here represents a significant advance on these other reported inducible expression systems. Unlike the steroid-inducible (29) and lac repressor (32) control mechanisms, the system reported here functions in whole plants by using a micronutrient that the whole plant can readily assimilate as inducer. In contrast to the inducers tetracycline (30, 31) , dexamethasone (29) , and isopropyl 3-D-thiogalactoside (32) used in other studies, copper is a natural part of the nutrient environment of the plant. Furthermore, unlike the nitrite reductase promoter (33), operation of the system does not require gross perturbations in the plant's macronutrient supply. In relying on the plant's native uptake mechanisms to trigger the copper ion "cue" and so operate the integrated regulatory system inserted into the plant genome, physiological damage is avoided, and plants can be maintained under conventional growth conditions and not be subjected to undue stress in the process of achieving induction and then repression (if desired) ofexpression ofthe particular gene of interest. The versatility offered by the copper-controllable expression system makes it attractive not only for laboratory experiments in which the expression of, for example, an antisense construct requires precise timing of expression for the resultant phenotype to be critically analyzed, but also for the development of a controlled expression system for use in more general whole-crop or plant-cell production situations. It will be of interest to associate the metal-responsive characteristics described here with other regulatory elements conferring developmental-or tissue-specific attributes.
